endogenous ligands (free fatty acids and eicosanoids), Ppar␥ can act as a key transcription factor to regulate development of adipose tissue (7, 33) . Histone acetylation is generally correlated with transcriptional activation (3) . Previous studies suggest that histone H3 acetylation (26) on the Ppar␥ promoter region positively regulates Ppar␥ expression during adipogenesis. Trimethylation on Lys 4 of histone H3 (H3K4me3) on the Ppar␥ promoter has been associated with increased Ppar␥ expression also (1, 9, 20) .
In this paper, we demonstrate that fat cells derived from white adipose tissue (WAT) can dedifferentiate and redifferentiate. Moreover, the cells that undergo redifferentiation inherit a similar phenotype to the parental cell from which they were derived. The extent of fat accumulation is correlated with histone acetylation of the Ppar␥ promoter that is heritable and maintained even in dedifferentiated adipocytes.
MATERIALS AND METHODS

All animal work was conducted according to the National Institutes of Health guidelines.
Cell culture and primary white adipocyte isolation. 3T3-L1 preadipocytes were maintained at no higher than 70% confluence in growth medium (GM; DMEM containing 10% FCS, 25 mM glucose, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM glutamine) at 37°C in a 6% CO2 incubator (13) .
To isolate primary white adipocytes, inguinal WAT from 6-to 12-wk-old female C57BL/6 mice was excised, minced, and digested with 1 mg/ml collagenase V (Sigma Aldrich) in Hanks' balanced salt solution (Corning-Cellgro, Manassas, VA) supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C for 30 min. After digestion, 20% FCS was added for 5 min, cells were centrifuged at 150 g for 5 min, and floating cells were collected using a pipette. Cells were labeled with 10 M boron-dipyrromethene (BODIPY) 493/505 (Molecular Probes D3922) containing HBSS for 30 min at 37°C and sorted based on fluorescence intensity. Sorted populations were then cultured in GM at 37°C with 6% CO2.
Adipogenesis induction. Cells were plated at about 30% confluence in GM 4 days before induction of adipogenesis. After 4 days, cells were fully confluent and were treated with adipogenic medium [AM; GM supplemented with 1 nM T3, 0.5 mM 3-isobutyl-1-methylxanthine, 2 g/ml dexamethasone, and 0.125 mM indomethacin]. After an additional 2 days, the medium was changed back to GM and replenished at 2-day intervals. Six to eight days after initiation of differentiation, adipocytes were collected for either chromatin immunoprecipitation (ChIP), fluorescence-activated cell sorting (FACS) analysis, stained with Oil red O, or subjected to gene expression analysis by quantitative (q)RT-PCR (see below). For dedifferentiation of adipocytes, cells were kept at no higher than 70% confluence (by regularly splitting the cells) in GM. During dedifferentiation, the cells reverted to a fibroblast-like morphology.
qRT-PCR. qRT-PCR was performed on DNA and cDNAs. All reactions were conducted in 96-well plates in 25-l volume. Each reaction contained cDNA from 100 ng of total RNA or DNA precipitated from 100 mg of chromatin extracts for ChIP experiments, and appropriate amounts of Universal PCR Master Mix (Applied Biosys- tems) and Primers/Probe mix. All primers and probes are from Applied Biosystems Assay On-Demand. Cycle threshold (C T) values Ͼ40 were considered undetectable and calculated as a CT of 41. Western blot. Cells were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1.0% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 0.2 mM NaVO 4, 10 mM NaF, 0.4 mM EDTA, 10% glycerol) with protease inhibitors (Roche). Lysates were sonicated for 20 s on ice and centrifuged at 10,000 g for 5 min. Lysates were then placed in a boiling water bath for 5 min with Laemmli loading buffer followed by electrophoresis on 10% SDS polyacrylamide gels. Western analyses were performed with Ppar␥ and GAPDH (Abcam) antibodies at the recommended antibody dilutions. The blots were scanned using the LiCor laser-based image detection method.
Adipogenic differentiation of Sorted Cells
Oil red O staining. 3T3-L1 preadipocytes and adipocytes were stained with Oil red O. Confluent cells were first washed twice with PBS and incubated in 200 l of Oil red O solution (0.33% wt/vol in 60% isopropanol) for 20 min at room temperature. Images of Oil red O-stained adipocytes were acquired using a Zeiss Axiovert 25, ϫ20 objective and Olympus E620 camera.
To quantify staining in fat droplets, Oil red O was extracted with 100% isopropanol. Cells were incubated with isopropanol for 10 min at room temperature. OD of two aliquots was measured at 510 nm, 0.5-s reading.
Ppar␥ overxpression. Overexpression of Ppar␥ was accomplished using a retrovirus. 3T3-L1 cells were infected at indicated multiplicities of infection (MOIs). Retrovirus was kindly provided by Kai Ge, NIH, NIDDK (10) .
ChIP. ChIP assays were performed with 100 mg of cell chromatin extracts from 20 ϫ 10 6 3T3-L1 cells. DNA was obtained with the Active Motif (Carlsbad, CA) chromatin shearing kit. Chromatin was precipitated by incubation with antibodies to acetylated histone H3 (06-599), acetylated H4 (06-866), histone H3K4me3 (07-473) at the recommended dilutions (all from Millipore) or a 1:10,000 dilution of rabbit IgG (Abcam) followed by separation with protein G magnetic beads (Active Motif, Carlsbad, CA). Binding was analyzed by realtime PCR with the following sets of PCR primers and 6FAM-labeled probes: Ppar␥ F: CTCGGCTCGGCTCCTC, R: GGCTGCCGCTCT-GAGT, 6FAM: CCGGCCGCGGACCG; GAPDH F: ACCTTAGTCT-GTGGTGATCTGATAGG, R: ACAAAACAGGCCTCAACAGATA-CAA, 6FAM: ATGCATGGGACAATTT.
Cell labeling with BODIPY and TSHR antibody. FACS. Flow cytometry was performed using a BD FACS Aria II cell sorter (Becton-Dickinson) with the following settings: a 70-m nozzle with a sheath pressure of 65 psi was used, and populations were sorted for purity. Debris and clustered cells were excluded from gated populations.
Statistical analyses. Statistical analyses were performed by twotailed paired t-test or one-way analysis of variance (ANOVA). Significance was for P Ͻ 0.05.
RESULTS
WAT cells were isolated from the inguinal pads of adult mice by collagenase treatment and stained with BODIPY neutral lipid probe and Alexa fluor 647-labeled antibody to Tshr; Tshr was used as a cell surface marker of adipogenesis, since its expression increases during adipogenesis (18, 31) .
We sorted the cells into two populations according to their BODIPY content, either high or low (Fig. 1A) . BODIPY content of the cells had a direct correlation with the size of the cell, as can be determined by the side and forward scatter of the cells. Cells with low BODIPY content had a very low side and forward scatter profile compared with cells with high BO-DIPY. The average cell diameter was 24.7 Ϯ 5.0 m for the low BODIPY and 36.1 Ϯ 7.2 m for the high BODIPY cells (P Ͻ 0.001). The sorted populations were then cultured in GM for 6 wk, undergoing approximately one doubling every 5 days. After 6 wk in culture, cells were either induced to undergo adipogenesis or continued to be cultured in GM. On day 8 of adipogenesis, cells were stained again with both BODIPY and TSHR antibody and analyzed by FACS. The redifferentiated cells derived from the original low BODIPY fraction, expressed relatively low BODIPY fluorescence and were smaller than the redifferentiated cells derived from the high-BODIPY population (Fig. 1, B and C) . Both cell populations that remained in GM showed similar BODIPY content and exhibited lower levels of BODIPY than the groups cultured in AM (Fig. 1C) . Tshr levels correlated positively with the BODIPY content of the cells (Fig. 1, A and B) . mRNA levels for Ppar␥, leptin (Lep), and Tshr were measured in these cell populations. In freshly isolated WAT cells, the high-BODIPY population expressed higher levels of Ppar␥, Lep, and Tshr relative to the low-BODIPY group (Fig. 2) . The higher level of Tshr mRNA expression is consistent with our FACS analysis (Fig. 1B) . In contrast, the cells cultured in GM for 7 wk resembled preadipocytes and had lower levels of these mRNAs, findings consistent with a dedifferentiated phenotype. There was no significant difference in expression levels of the mRNAs when high-and low-BODIPY populations were compared during the dedifferentiated, proliferative phase. In cells recultured in AM, mRNA expression increased in both groups; however, cells from the high-BODIPY population showed higher expression than cells from the low-BODIPY population (Fig. 2) . In addition, we measured other markers of adipocyte differentiation: insulin receptor (InsR) levels were unchanged in all conditions tested; Glut4 and fatty acid synthase (Fasn) mRNA levels were higher in cells derived from the high-BODIPY population in AM and not significantly different in cells in GM (preadipocytes); sterol-regulatory element-binding protein-1c (SREBP1c), a transcription factor that plays a central role in several aspects of adipocyte development including the induction of PPAR␥, the generation of an endogenous PPAR␥ ligand (15, 16) , and the expression of several genes critical for lipid biosynthesis (6), adipocyte protein-2 (aP2, commonly known as fatty acid-binding protein-4) levels were lower in the low-BODIPY population than in the high-BO-DIPY in redifferentiated adipocytes; and preadipocyte factor (Pref1, commonly known as Dlk1), a preadipocyte secreted factor that inhibits adipogenesis (36), levels were higher in preadipocytes than in adipocytes and in the low-BODIPY population compared with the high-BODIPY population (Fig. 2) .
To gain insight into the molecular details of heritability and show that these findings were not unique to primary WAT cells, we studied 3T3-L1 cells, a mouse cell line of preadipocytes (20, 23) . A similar heritability pattern was observed with 3T3-L1 cells as with the primary adipocytes. Cells maintained in GM for 12 doublings (doubling times of 27 h for both cell populations) dedifferentiated and accumulated little fat in both populations (Fig. 3, A and B) . When induced to differentiate, cells derived from the high-BODIPY population maintained their capacity to accumulate more fat after undergoing adipogenesis than cells from the low-BODIPY population for at least 12 doublings (ϳ6 wk from the initial sort). Even when the adipogenesis protocol was extended to 18 days (instead of 8 days), the cells derived from the low-BODIPY population were substantially smaller and lower in fat content compared with the high-BODIPY cells (data not shown). Moreover,
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Oil 3T3-L1 mRNA expression of Ppar␥, Lep, Tshr, InsR, Glut4, Fasn, Srebp1c, aP2, and Pref1 were similar in all populations (Fig. 4) to the results obtained with primary mouse adipocytes (Fig. 2) ; that is, the levels in adipocyte-differentiated cells from the high-BODIPY population were higher than in cells from the low-BODIPY population for Ppar␥, Lep, TshR, Glut4, Fasn, Srebp1c, and ap2 and lower for Pref1. Expression levels of Ppar␥ protein were monitored by Western blot. The low-BODIPY population expressed lower levels of Ppar␥ protein than the high-BODIPY population, both in the differentiated and the dedifferentiated states, and dedifferentiated cells had lower Ppar␥ protein levels compared with the differentiated condition (Fig. 4B) .
3T3-L1 cells were stained with Oil red O for triglycerides to confirm the results obtained by BODIPY staining. Cells cultured in GM for 12 wk exhibited very low Oil red O staining, confirming the dedifferentiated state, whereas cells cultured in AM for the last week were higher in Oil red O staining. Cells derived from the initial high-BODIPY population exhibited higher Oil red O staining relative to the low-BODIPY-derived population (Fig. 5) .
To directly show that increasing Ppar␥ expression in these cells would increase fat accumulation, 3T3-L1 cells were infected with increasing MOIs of Ppar␥-expressing retrovirus and then differentiated in AM (Fig. 6A) . Oil red O staining in cells not infected with retrovirus was 3.2-fold higher in cells from the high-BODIPY population than in cells from the low-BODIPY population (Fig. 6, B and C, MOI ϭ 0) . Ppar␥ overexpression resulted in increased Oil red O staining in cells from both BODIPY populations. Ppar␥ at an MOI of 100 resulted in an increase of 10.4 Ϯ 0.06% in Oil red O staining in cells derived from the low-BODIPY population and a similar percentage increase of 13.3 Ϯ 0.19% in cells from the high-BODIPY population. Similar percentage increases were obtained when BODIPY staining was quantified. Ppar␥ overexpression caused BODIPY staining to increase 12.1 Ϯ 2.6 and 13.5 Ϯ 4.7% in low-and high-BODIPY populations, respectively.
We hypothesized that epigenetic modification of Ppar␥, a master regulator of white and brown adipogenesis (8, 25, 33) , might account for the heritability of the adipocyte phenotype upon induction of adipogenesis. H3 acetylation of the Ppar␥ promoter has been demonstrated previously to account, at least partially, for differentiation of adipocytes. We used ChIP analysis of the Ppar␥ promoter in chromatin from 3T3-L1 cells 12 doublings after the initial sort to measure three histone modifications that are associated with transcriptional activation: H3 acetylation, H4 acetylation, and H3K4 methylation (Fig. 7) . The levels of H4 acetylation and H3K4 methylation in undifferentiated cells in GM were not different in the high-and low-BODIPY cells, whereas the level of H3 acetylation was higher in undifferentiated high-BODIPY cells compared with low-BODIPY cells. All three histone modifications increased after differentiation to adipocytes in cells from both the lowand high-BODIPY populations, and all were higher in cells from the high-BODIPY population than in the low-BODIPY population. We could not perform ChIP experiments in primary isolated or sorted adipocytes because this analysis requires 10 7 cells. These data show a direct correlation between the levels of activatory histone modifications on the Ppar␥ promoter and the cell's ability to accumulate fat and express differentiated markers upon induction of adipogenesis. Of note, the level of H3 acetylation was higher in undifferentiated cells from the high-BODIPY population than that in undifferentiated cells from the low-BODIPY population and may therefore be the critical heritable histone modification.
DISCUSSION
This study demonstrates that subpopulations reside within WAT and 3T3-L1 cells that vary in their capability to accumulate fat and that these differences are heritable. We have shown that the extent of the cell's ability to accumulate fat correlated positively with expression levels of Ppar␥, a master regulator of adipogenesis, and with other markers of differen- tiated adipocytes, including Lep, Tshr, InsR, Glut4, Fasn, Srebp1c, aP2, and Pref1; exogenous expression of Ppar␥ in 3T3-L1 cells increased fat accumulation; and the levels of histone H3 acetylation of the Ppar␥ promoter in preadipocytes was a predictor of the extent of fat accumulation upon induction of adipogenesis. We thus suggest that epigenetic modification of the Ppar␥ promoter is, in part, the mediator of the heritability of adipocyte differentiation. Primary adipose tissue contains multiple cell types, including mature adipocytes, preadipocytes, stromal vascular and stem-stromal cells, etc. (21, 27) . By initiating our cultures using cells that were floating because of their fat content, we enriched the starting cell populations with adipocytes. Nevertheless, we cannot exclude the presence of other cell types that have different fat-accumulating capabilities in these cultures. However, our finding that 3T3-L1 cells, which were derived from a preadipocyte clone (12) , behaved similarly to the cells in the primary WAT-derived cultures confirms our conclusions that within the preadipocyte population there are cells that have inherited different abilities to accumulate fat. It was previously thought that differentiation of cells, including adipocytes, was a terminal, nonreversible state (5, 17, 23) . Our experimental models show that both primary adipocytes and preadipocytes from the 3T3-L1 cell line can dedifferentiate, proliferate, and thereafter undergo redifferentiation in accord with other recent studies (4, 11, 19, 22) .
Ppar␥, Lep, and Tshr are markers of mature adipocytes (14, 18, 28, 30 -32, 38) , and the levels of these mRNAs decreased during proliferation of primary WATs in culture (dedifferentiation). Upon redifferentiation to an adipocyte phenotype, high-BODIPY-derived cells consistently expressed higher levels of these adipocyte markers than the low-BODIPY-derived population even after many doublings. In cells proliferating in GM, mRNA expression was lower with no significant difference between the high-or low-BODIPY-derived populations. Similar changes in the levels of Ppar␥, Lep, and Tshr mRNAs were found in 3T3-L1 cells. These results indicate that white adipocytes can dedifferentiate and upon redifferentiation inherit the ability to upregulate adipocyte-associated genes in a manner similar to the heritability of fat accumulation. The extent to which a cell can accumulate fat is heritable. Both the low-and high-BODIPY populations were able to undergo differentiation and exhibit upregulation of both fat and adipogenic markers. Yet, although both cell populations are differentiated, they are different in their abilities to accumulate fat, which correlates with mRNA levels of adipogenic markers. Indeed, the difference in the extent of fat accumulation was maintained when the cells were maintained in AM for 18 days. . high-BODIPY cells exhibit higher histone H3 acetylation levels than low-BODIPY cells after adipocyte differentiation. Chromatin immunoprecipitation (ChIP) of indicated 3T3-L1 cell populations with antibodies targeted at acetylated histone H3, acetylated H4, and methylated H3K4 on the Ppar␥ gene promoter. Undifferentiated cells were cultured in GM and differentiated cells in AM. These modifications on the GAPDH promoter, by contrast, remained unchanged in all cell population conditions (data not shown).Values are means Ϯ SD of 3 independent experiments. Levels of H3 and H4 acetylation and H3K4 methylation were higher in both high-and low-BODIPY populations in AM vs. GM (P Ͻ 0.02 for H3 acetylation; P Ͻ 0.01 for H4 acetylation; P Ͻ 0.03 for H3K4 trimethylation). H3 and H4 acetylation were higher in high-vs. low-BODIPY populations in AM (P Ͻ 0.02) but not in H3K4 trimethylation (P Ͼ 0.05). Importantly, levels of H4 acetylation and H3K4 methylation in cells in GM were not different in high-and low-BODIPY populations (P Ͼ 0.05) but were higher in H3 acetylation in chromatin from cells from high-vs. low-BODIPY content populations in GM (*P Ͻ 0.01).
high-BODIPY cells. Nevertheless, this difference is maintained generation after generation and is an inherited phenotype.
Overexpression of Ppar␥, a key transcription factor that controls adipogenesis (8, 32, 38) , resulted in increases of the cell's ability to accumulate fat, consistent with the idea that epigenetic regulation of Ppar␥ could account for the inherited capability of the cell to accumulate fat. We therefore measured three epigenetic modifications of the Ppar␥ promoter, histone H3 and H4 acetylation and H3K4 trimethylation, that are correlated with transcription activation. Although all three epigenetic modifications tested were increased at the Ppar␥ promoter upon induction of adipogenesis and higher levels were found in the high-BODIPY compared with the low-BODIPY population, only histone H3 acetylation was different between the two cell populations in undifferentiated preadipocytes. Although other epigenetic mechanisms and regulation of other genes (such as Pref1, which we showed to be differentially expressed in preadipocytes) could also be involved, we suggest that histone H3 acetylation on the Ppar␥ promoter as a possible mechanism to explain the inheritance of fat accumulation capability and the higher expression of adipocyte markers. Further studies should address the mechanism(s) that initiates the H3 acetylation of the Ppar␥ promoter in WAT. 
